The accumulation and activation of microglial cells at sites of amyloid prion deposits or plaques have been documented extensively. Here, we investigate the in vivo recruitment of microglial cells soon after intraocular injection of scrapie-infected cell homogenate (hgtsc ϩ ) using immunohistochemistry on retinal sections. A population of CD11b/CD45-positive microglia was specifically detected within the ganglion and internal plexiform retinal cell layers by 2 d after intravitreal injection of hgtsc ϩ . Whereas no chemotactism properties were ascribed to hgtsc ϩ alone, a massive migration of microglial cells was observed by incubating primary cultured neurons and astrocytes with hgtsc ϩ in a time-and concentration-dependent manner. hgtsc ϩ triggered the recruitment of microglial cells by interacting with both neurons and astrocytes by upregulation of the expression levels of a broad spectrum of neuronal and glial chemokines. We show that, in vitro and in vivo, the microglia migration is at least partly under the control of chemokine receptor-5 (CCR-5) activation, because highly specific CCR-5 antagonist TAK-779 significantly reduced the migration rate of microglia. Activated microglia recruited in the vicinity of prion may, in turn, cause neuronal cell damage by inducing apoptosis. These findings provide insight into the understanding of the cell-cell communication that takes place during the development of prion diseases.
Introduction
Transmissible spongiform encephalopathies (TSEs) are fatal neurodegenerative and infectious disorders affecting humans [e.g., Creutzfeldt-Jakob disease (CJD)] and animals (e.g., sheep scrapie, bovine spongiform encephalopathy). The main hallmarks of TSEs are neuronal cell death, vacuolation of neuropil, and astrogliosis. The accumulation under amyloid aggregates of an abnormally folded isoform (PrPsc or PrPres) of the cellular prion protein (PrPc) is detected within affected brains. Both isoforms, PrPsc and PrPc, are required for infection and pathogenesis (Sailer et al., 1994) . Neurons and astrocytes have been emphasized as major sites of infectious agent replication (Race et al., 1995; Raeber et al., 1997) , whereas the role of other cerebral cell types in TSE pathogenesis remained unclear. Although TSEs are no inflammatory disorders, growing evidence incriminates microglial cells in both brain damage and spread of the disease. The presence of activated microglial cells adjacent to PrPsc deposits is a common feature in affected brains of humans and animals (Guiroy et al., 1994; Williams et al., 1997) . Moreover, the in vivo accumulation of activated microglial cells is concomitant with the PrPsc deposition and precedes neuronal death (Giese et al., 1998) and clinical signs of disease (Betmouni et al., 1996) . Using prion fragment P106 -126 as an in vitro model, Brown et al. (1996) have shown that the presence of activated microglia is required for neurotoxicity. More recently, P106 -126 has been shown to exhibit in vitro chemotactic properties for human monocytes through direct interactions with cell surface receptors (Le et al., 2001 ). However, little is known concerning the nature of molecular signals and cell types responsible for microglial cell recruitment in the vicinity of PrPsc aggregates.
Because chemokines and chemokine receptors are well known regulators of leukocyte trafficking, some of these molecules could be involved in the TSE pathogenesis. A likely candidate playing a key role in microglia migration in the context of TSEs is the chemokine receptor-5 (CCR-5). CCR-5, which belongs to the G-protein-coupled receptor family, binds multiple chemokines including macrophage inflammatory protein-1 (MIP-1␣, MIP-1␤) and RANTES (regulated on activation, normal T-cell expressed and secreted). CCR-5 is expressed by T-cells, macrophages, and microglial cells, and its expression has been shown to be upregulated in microglia from CJD-infected animals (Baker et al., 1999) . Although microglia, neurons, and glia are well known to produce chemokines, the precise role of each cell type remains to be elucidated, particularly during the development of neurodegenerative disorders (for review, see Tran and Miller, 2003) . In Alzheimer's disease, astrocytes and microglia activation might be triggered by ␤-amyloid protein, resulting in the initiation of an inflammatory cascade (Johnstone et al., 1999) .
It was of interest to determine the temporal sequence of events and the cellular mechanisms that result in the recruitment of microglial cells during the development of TSEs. Thus, we investigate the in vivo directional migration of microglial cells soon after intraocular prion infection. In vitro, PrPsc induces the upregulation of expression of CCR-5-binding chemokines from both neurons and astrocytes. We propose that glial and neuronal chemokines could constitute the chemical signal triggering for the recruitment of microglial cells soon after infection. These findings underscore the importance of early inflammatory process long before the onset of the disease and could open up new therapeutic strategies against TSEs.
Materials and Methods
Cell cultures. Neuroblastoma cells chronically infected with the murine Chandler scrapie strain (N2asc ϩ ) were grown in Opti-MEM (Invitrogen, San Diego, CA) supplemented with 10% FBS (BioWest), 100 U/ml penicillin, 100 mg/ml streptomycin (BioWhittaker, Walkersville, MD), and 1 g/ml G418 (Invitrogen), as described previously (Nishida et al., 2000) . Because the treatment of N2asc ϩ cells with Congo red (1 g/ml) totally cured the cells of PrPsc, Congo red-treated N2a cells (N2asc Ϫ ) were used as a control. The mouse microglia cell line N11 was grown in RPMI 1640 (BioWhittaker) containing 10% FBS, penicillin, streptomycin, 0.5 mM ␤-mercaptoethanol, and 2 mM L-glutamine (BioWhittaker). As shown previously, this cloned cell line presents all the phenotype markers described for adult microglial cell populations in terms of cytokine release and nitric oxide (NO) production in response to inflammatory or immune response (Righi et al., 1989) .
Cortical neurons from embryonic day 13-14 C57-black mice were prepared as described previously (Chabry et al., 1990) , with minor modifications. Briefly, cells were dissociated mechanically with a Pasteur pipette in Neurobasal medium containing B27 supplement (Invitrogen) and penicillin-streptomycin. Dissociated cells were plated at a density of 3 ϫ 10 6 cells in 35 mm tissue-plastic dishes or 5 ϫ 10 5 cells/24-well dishes precoated with polylysine (10 g/ml). Cultures were pure of neurons up to Ͼ98%. For the different experiments described below, neurons were used after 4 -5 d of culture.
Primary microglial cells were obtained from newborn C57-black mice. Meninges-free cortices were dissociated in PBS containing 50 g/ml trypsin (BioWhittaker) and 1 mg/ml DNase I (Promega, Madison, WI) for 10 min at 37°C, then diluted 1:1 in PBS supplemented with 10% FBS. Cells were centrifuged at 200 ϫ g for 5 min, then resuspended in DMEM (BioWhittaker) containing N2 supplement (Invitrogen) and triturated with a Pasteur pipette. Dissociated cells were pelleted and resuspended in DMEM supplemented with N2, 10% FBS, penicillin, and streptomycin, then plated in 75 mm tissue-plastic flasks precoated with polylysine. Cells were grown for 7 d at 37°C under 5% CO 2 . To take off microglial cells, flasks were shaken for 30 min in an orbital shaker at room temperature. Resuspended cells were pelleted and plated in the culture medium. The proportion of microglia was estimated to 93% based on the detection with FITC-conjugated CD11b antibody and examination by fluorescence microscopy (data not shown). The adherent cell population (i.e., astrocytes) was grown in DMEM, 10% FBS, penicillin, and streptomycin, split every week, and used after three passages. Astrocyte cultures contained Ͼ99% glial fibrillary acidic protein-positive cells. All cell cultures were grown at 37°C in a humidified atmosphere of 5% CO 2 /95% air. Ϫ were collected in PBS supplemented with a protease inhibitor mixture (PBSi; Boehringer, Bagnolet, France) and passed repeatedly through a 26 gauge needle. The lysate was centrifuged for 5 min at 4000 rpm; the supernatant (S1) was kept, and the pellet was resuspended in PBSi and underwent the same procedure once again. Supernatants S1 and S2 were pooled, sonicated for 10 min, and centrifuged for 5 min at 4000 rpm. The supernatant was centrifuged for 2 hr at 14,000 rpm at 4°C. Finally, the pellet was resuspended in PBSi to a final volume of 60 l/100 mm tissue culture dish. Alternatively, lysates were treated with proteinase K (PK; 20 g/ml) for 60 min at 37°C, followed by another centrifugation at 14,000 rpm for 2 hr. After this step, purity was Ͼ75% as estimated by SDS-PAGE, followed by silver staining (Merril et al., 1981) . PK digestion results in an amino-terminally truncated version of PrPsc, lacking the first 90 residues, which has been shown to keep the same physical-chemical properties of PrPsc, including infectivity (Nishida et al., 2000) . Contaminant proteins with molecular masses ϳ60 kDa were detectable but nonimmunoreactive with anti-PrP monoclonal antibodies, as estimated by immunoblot analysis.
Intravitreal injections and immunohistochemistry. Adult male C57-black mice (10 -15 weeks old) underwent intravitreal injections, as described previously (Chabry et al., 2003) , with 1 l of hgtsc ϩ or noninfected hgtsc Ϫ . At the end of the experiments, the immunohistology methods were performed as described previously (Ettaiche et al., 2000) . Briefly, mice were killed with an overdose of sodium pentobarbital, the eyes were enucleated and fixed in ice-cold 4% paraformaldehyde (PAF) in PBS for 24 hr, then cryoprotected overnight in PBS containing 20% sucrose at 4°C. The eyes were then embedded in optimal cutting temperature compound (Tissue-Tek; SAKURA), and frozen sections (15 m) cut on a cryostat (Leica, Nussloch, Germany) were transferred onto 1% gelatin-precoated slides. Endogenous peroxidase activities were blocked in methanol containing 1% H 2 O 2 for 15 min. Slides were incubated in a blocking solution for 30 min [PBS, 5% BSA, and 5% inactivated horse serum (HSi)]. A 1:1 mixture of biotinylated antibodies anti-CD11b and anti-CD45 (PharMingen, San Diego, CA) in PBS, 2.5% BSA, and 2.5% HSi was incubated onto the slides to a final concentration of 1:100 for 3 hr at room temperature. After washes in PBS, slides were incubated with ABC reagent (Vector Laboratories, Burlingame, CA) and revealed with a DAB kit (Vector Laboratories). Retina sections were counterstained with 0.5% Cresyl violet, dehydrated with alcohol, and mounted with Entellan.
Reverse transcription-PCR. The RNA preparations were done using the protocol described by Chomczynski and Sacchi (1987) . One microgram of RNA was reverse transcribed using the Moloney murine leukemia virus reverse transcriptase kit (Invitrogen) according to the manufacturer's instructions. PCR conditions were optimized for linear amplification, allowing direct comparison between samples. cDNAs (50 ng) were amplified using 1ϫ buffer containing 2 mM MgCl 2 (Appligene, Heidelberg, Germany), 2.5 mM of each dNTPs, 1 U of Taq polymerase (Appligene), and 25 pmol of each primer (Eurogentec). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers were added in each sample. The PCR cycles included general denaturation at 94°C (30 sec), annealing (30 sec) at 54°C, and elongation at 72°C (90 sec), except for the first cycle with a 3 min denaturation and last cycle with a 7 min elongation. Primer sequences, PCR conditions, and expected molecular masses of PCR products are summarized in Table 1 . The PCR products were separated on 2% agarose gels using the SYBR Green I (Molecular Probes, Eugene, OR) staining. DNA bands were visualized by a UV light transilluminator and quantified using the NIH Image software. The level of expression of GAPDH did not change for any treatment. Cell migration assays. Neurons or astrocytes were added to the bottom wells of the Boyden chambers in the appropriate medium. N11 cells or primary cultured microglia (5 ϫ 10 4 in 200 l of DMEM plus penicillinstreptomycin) were added to the top chamber and allowed to migrate through polyester filters (pore size, 8 m; Falcon) for 6 hr at 37°C in humidified atmosphere of 5% CO 2 . Cells that did not migrate and stayed on the top surface of the filter were wiped off, whereas cells that had migrated to the bottom surface were fixed in 3% PAF for 10 min, stained with 0.5% crystal violet, and counted in random fields at 40ϫ magnification.
NO production. Confluent N11 cells were incubated in the presence of 10 l of hgtsc ϩ or hgtsc Ϫ for 14 hr at 37°C. Incubations with interferon-␥ (IFN␥; 10 U/ml) and a submaximal concentration of lipopolysaccharide (LPS) (100 ng/ml) were performed in parallel to estimate the nitrite production capacity of N11 cells (Hemmer et al., 2001) . Sample aliquots of culture supernatants were mixed with an equal volume of Griess reagent (Sigma, St. Louis, MO) according to the manufacturer's recommendations. Measurements were performed at 550 nm, and the nitrite concentration was determined using sodium nitrite solution as standard range.
Preconditioning microglia medium and cytotoxicity assays. Microglia cells (ϳ5 ϫ 10 6 cells/ml in 6-well tissue plates) were incubated in the presence of 10 l of hgtsc ϩ or hgtsc Ϫ for 18 hr at 37°C. The culture medium was centrifuged at 14,000 rpm for 2 hr, then the supernatant was added to 4-d-old neurons (5 ϫ 10 4 cells/100 l in 96-well tissue plates) for 18 hr at 37°C under 5% CO 2 . Fragmentation analysis of the neuronal DNA was performed as described previously (Chabry et al., 2003) .
Results

In vivo recruitment of microglial cells induced by PrPsc
We addressed the question of the in vivo recruitment of microglial cells using direct injection of homogenates from scrapieinfected neuroblastoma cells (hgtsc ϩ ) into mouse eyes, followed by immunohistology studies of retinal sections (Fig. 1) . In the control mice, CD11b/CD45-immunopositive microglial cells were rare (Fig. 1a) . In noninfected neuroblastoma cell homogenate (hgtsc Ϫ )-treated animals (Fig. 1b) , microglia were occasional and located exclusively in the ganglion cell layer of the retina. Two days after the intraocular injection of hgtsc ϩ , microglia were more abundant (Fig. 1c) and mainly located in the internal plexiform and ganglion cell layers of the retina. Their shapes were typically ramified and arborized (Fig. 1d) . A high density of microglial cells was observed in the vicinity of the optic nerve (Fig. 1e) .
Interestingly, 7 d after hgtsc ϩ inoculation, microglia became more rounded and presented an amoeboid shape (data not shown). This cell morphology is thought to be associated with an activated and phagocytic stage.
We followed the time course and extent of microglia in both hgtsc Ϫ and hgtsc ϩ inoculated eyes by immunohistochemistry of retinal sections. During the time course of these experiments, injections with hgtsc ϩ always resulted in a higher number of microglial cells than injections with hgtsc Ϫ (Fig. 1f ) . In the hgtsc ϩ -injected animals, the number of retinal microglia maximally increased at day 2, then declined slowly, but significantly, from day 2 to day 4 and reached a stable plateau value until day 7. Our data clearly showed that prion infection induced microglial recruitment in vivo within a few days.
TAK-779 is a highly potent and selective nonpeptide antagonist of the chemokine receptor CCR-5 (Baba et al., 1999) . As shown in Figure 1g , 2 d after injection, TAK-779 provoked a Ϸ40% decrease in the number of retinal microglia when coinjected with the hgtsc ϩ inoculum. This result suggests that the activation of CCR-5 could account, at least in part, for the in vivo microglial cell migration.
Neurons and astrocytes trigger microglia migration in response to PrPsc
To investigate the precise role of both neurons and astrocytes in microglia recruitment in the context of TSEs, we used the Boyden chamber assay (Wilkinson, 1998) . The N11 microglial cell line was added to the top chamber, and their migration through a filter toward the bottom chamber containing primary cultures of mouse neurons or astrocytes was monitored (Fig. 2) . Cell-cell contacts being prevented, this paradigm allows cell contactindependent communication only via diffusible soluble factors. . The number of immunopositive cells was obtained by counting 90 independent retina sections corresponding to the whole eye from three treated mice in two separate experiments. Statistical significance as calculated by Student's t test: **p Ͻ 0.01and not significant (n.s.) between day and d 1 in hgtsc ϩ -treated animals, except for d 1, for which calculations were performed between hgtsc ϩ -and hgtsc Ϫ -treated mice. g, Inhibitory effect of TAK-779 on the in vivo microglia migration 2 d after hgtsc ϩ injection. One microliter of hgtsc ϩ (black bars) or vehicle (white bars) was injected intravitreally in the presence or absence of TAK-779 (40 M). Retinal sections were processed through the immunohistology methods described in Materials and Methods. Statistical analysis (**p Ͻ 0.01) between hgtsc ϩ treatment conditions with and without TAK-779 is shown. Histograms show the mean Ϯ SD of two independent experiments (n ϭ 2) in which each condition represents three mice injected unilaterally.
We found that the incubation of neurons or astrocytes with hgtsc ϩ induced the migration of N11 microglial cells in a timedependent (Fig. 2a,c) and concentration-dependent manner (Fig. 2b,d) . No significant effect on basal N11 cell migration was observed in the presence of increasing concentrations of noninfected hgtsc Ϫ . Interestingly, an additive effect of the migration was observed when neurons and astrocytes were cocultured in the bottom chamber (data not shown). To avoid possible artifact attributable to the use of the immortalized microglial cell line, primary cultures of mouse microglia cells were assessed in the Boyden chamber assay. The addition of 5 l of hgtsc ϩ induced a 2.5-or 3.5-fold increase of the rate of mouse microglial cell migration from neurons or astrocytes, respectively, compared with the hgtsc Ϫ incubation (Fig. 2e,f ) . Because microglia from both primary cultures and the immortalized cell line exhibited similar migration behavior, the N11 microglial cell line was used in the following experiments as an accurate cell model. In the absence of cells in the bottom chamber, hgtsc ϩ alone did not exhibit chemotactic properties (Fig. 2g) . Interestingly, incubation with hgtsc ϩ alone led to a basal migration rate significantly weaker than incubations with hgtsc Ϫ or vehicle; this was probably caused by direct effects of hgtsc ϩ on the microglial cell activation stage.
PK resistance is a common feature of scrapie-affected brain-derived PrPsc (Prusiner et al., 1984) . As expected, the PK treatment of both hgtsc Ϫ and hgtsc ϩ cleared off a large number of proteins, except PrPsc, as shown by silver staining of electrophoresis gels (Fig. 3a) . To test the effect of a semipurified PrPsc preparation, hgtsc ϩ was PK digested and further assayed in the Boyden chamber assay in the presence of neurons in the bottom chamber. PK-treated hgtsc ϩ showed no significant difference in the microglia migration rate compared with PK-untreated hgtsc ϩ (Fig. 3b) .
In summary, our results demonstrate that PrPsc triggered microglial cell migration via interactions with neurons and astrocytes by releasing diffusible factors but exhibited no chemotactism properties by itself.
Chemokines involved in microglia recruitment in response to PrPsc
To identify neuronal and glial chemokines involved in microglia attraction, reverse transcription-PCR experiments were performed on cDNA prepared from hgtsc ϩ -and hgtsc Ϫ -stimulated neurons and astrocytes. Here, we focused on secreted chemokines with inducible expression related to inflammatory responses and CNS injuries (Zlotnik and Yoshie, 2000) . In both primary cultures of neurons and astrocytes, mRNA expression levels of all tested chemokines were upregulated in hgtsc ϩ stimulation compared with hgtsc Ϫ stimulation conditions. However, the highest activation factor was found for RANTES (CCL5) and MIP-1␤ (CCL4) mRNAs in hgtsc ϩ -stimulated neurons and astrocytes, respectively (6.62 Ϯ 1.57 and 5.59 Ϯ 2.21) (Fig.  4b) . Thus, the interaction of PrPsc with neurons and astro- cytes upregulated the expression of messengers of two different chemokines, RANTES and MIP-1␤, respectively, that share a common receptor, CCR-5.
To confirm the importance of RANTES in neuron-induced microglia recruitment, in vitro cell migration assays were performed in the presence of increasing concentrations of an anti-RANTES monoclonal antibody. The addition of anti-RANTES antibody in the Boyden bottom chamber, in which mouse cortical neurons were seeded, resulted in a concentration-dependent decrease of the N11 microglial cell migration (Fig. 5a ). An approximate 30% decrease in the rate of migration was obtained when the incubations were performed with 20 g/ml anti-RANTES antibody. No significant cell migration change was measured when neurons were incubated with similar concentrations of an unrelated rat IgG. We further assayed the CCR-5 antagonist TAK-779 according to the same in vitro procedure. TAK-779 provoked a decrease of the microglia attraction rate in a dose-dependent manner. In the presence of saturated concentration of TAK-779 (40 M), the migration rate was reduced by a twofold factor arguing for the involvement of CCR-5 (Fig. 5b) . Table 2 summarizes the percentage of decrease of N11 and primary microglial cell migration induced by hgtsc ϩ in the presence of 40 M TAK-779 in different coculture conditions. In every case, TAK-779 reduced significantly the rate of cell migration. Note that the decreased rates of migration induced by TAK-779 were lower when the experiments were performed with mouse microglia cells compared with the N11 cell line. This result could be explained by the heterogeneity of microglial cells in primary cultures. These experiments strongly suggest that CCR-5 plays an important role in the microglia directional migration induced by chemokines from neurons and astrocytes on PrPsc stimulation.
In vitro neurotoxicity of microglia on primary cultured neurons
The chemokine-induced migration of microglia brings it to the contact of PrPsc. The following experiments were performed to understand how this contact could lead to neurotoxicity. Neuronal cell death is one of the main hallmarks of TSEs; however, precise molecular mechanisms of neurotoxicity remain to be elucidated. In vitro experiments indicate that microglia activation may play a pivotal role in neuronal damage (Brown et al., 1996) . NO-and microglia-derived neurotoxins have been implicated in a range of neuropathological conditions such as Alzheimer's disease (Giulian et al., 1995) . Thus, we investigated the effect of hgtsc ϩ on microglial cell activation by the measurement of nitrite concentration. When microglial cells were incubated with hgtsc ϩ , the nitrite concentration in the culture medium increased with a threefold factor compared with hgtsc Ϫ incubation (Fig. 6a) . The nitrite production capacity of N11 microglial cells was verified by incubating cells with a mixture of bacterial endotoxin LPS and IFN␥. The latter treatment induced an eightfold Ϫ or hgtsc ϩ . After 6 hr of incubation, mRNAs of the different conditions were purified and reverse transcribed. RT-PCR experiments were performed as described in Table 1 on 1 g of total cDNA in the presence of appropriate primers for chemokines and GAPDH in the same assay. PCR products were analyzed on 2% agarose gels stained with SYBR Green I. Sizes of PCR products are, respectively, 431 bp for RANTES, 480 bp for MCP-1, 237 bp for MIP-1␣, 367 bp for MIP-1␤, 320 bp for MIP-2, and 1174 bp for GAPDH. Arrows indicate the PCR products of GAPDH mRNA. b, Semiquantitative profile of mRNA expression in neurons or astrocytes. RT-PCR gels for the genes indicated were quantified by densitometry using NIH Image software, with normalization to GAPDH mRNA levels. Results are expressed in terms of fold increase from hgtsc ϩ -stimulated compared with hgtsc Ϫ -stimulated cells and represent the means Ϯ SD of data from four independent experiments. The systematic names of chemokines are in parentheses.
increase of nitrite concentration compared with the control condition. It was of interest to further characterize the neurotoxicity induced by PrPsc-activated microglia. Therefore, mouse cortical neurons were exposed to N11 microglial cell medium preconditioned with hgtsc Ϫ or hgtsc ϩ . Neuronal DNA fragmentation analysis and 4Ј,6-diamidino-2-phenylindole (DAPI)-positive neuron examination were then performed. Mouse neurons treated with the hgtsc ϩ preconditioned microglia medium showed a ladder pattern of DNA degradation with bands corresponding to multiples of 180 -200 bp (Fig. 6b) . DNA laddering observed either in PBS-treated neurons or in neurons treated with the hgtsc Ϫ preconditioned microglia medium was barely noticeable. Moreover, when neurons were incubated with the hgtsc ϩ preconditioned microglia medium, the number of DAPIpositive neurons was significantly higher than during a hgtsc Ϫ preconditioned medium incubation (Fig. 6c) . Together, these experiments clearly demonstrate that activated microglial cells exert their neurotoxic effects via an apoptotic cell death pathway in the absence of direct microglia-neurons contact. Note that we cannot totally rule out the possibility that neurotoxicity could be attributable, at least in part, to the presence of small, nonsedimentable oligomers of PrPsc in the microglia-conditioned medium. Interestingly, using the assays described above, no cytotoxity induced by hgtsc ϩ microglia-conditioned medium was observed on astrocyte cultures (data not shown).
Discussion
To our knowledge, the present study is the first demonstration of the complementary response of neurons and astrocytes to prion infection leading to microglial cell recruitment within few days. The recruitment of microglia in the vicinity of PrPsc aggregates and their subsequent activation soon after the infection and long before the onset of the disease may contribute to both neuronal damage and pathogenesis. In our attempt to characterize the molecular and cellular events leading to microglial cell recruitment, we showed that PrPsc-stimulated neurons and astrocytes induced chemotactism by upregulation of chemokine expression. Additional investigations will be necessary to understand how PrPsc aggregates may influence the expression levels of glial and neuronal chemokines. However, we clearly demonstrate that PrPsc triggers the recruitment of microglial cells by interacting with both types of cells. In support of this point, Hetz et al. (2003) have recently demonstrated that purified PrPsc triggers apoptosis of neuroblastoma cells by inducing elevation of the intracellular calcium concentration and caspase-12 activation. Although we do not provide evidence for direct binding between PrPsc and cell surface, our experiments suggest the existence of functional interactions that might induce transduction signal pathways. Chemokines are widely expressed in the adult CNS, and their expression is regulated in response to stressful and pathological situations. They have been involved in the manifestation of various brain disorders such as Alzheimer's disease (Streit et al., 2001) .
Because retina is an integral part of the CNS, formed by association of specialized neurons, astrocytes, and microglia, it is a well-suited model to study the cellular events occurring during TSEs. Retina is highly susceptible to infection and disease caused by prions (Fraser, 1982) . Moreover, the eye is a natural route for scrapie infection, particularly in sheep, and cornea transplants could cause iatrogenic CJDs. The number of microglial cells may increase in response to pathological situations in the CNS through in situ proliferation (Sedgwick et al., 1998) or by recruitment of monocytes from the blood circulation (Giulian et al., 1989) . Nevertheless, little is known concerning the origin of retinal microglia. Interestingly, during the time course of our experiments, we noted a large number of microglia located close to the optic nerve (Fig. 1e) . This observation supports the hypothesis of . Microglia activation and neurotoxicity induced by PrPsc preconditioned microglia medium. a, Confluent N11 microglial cells were incubated with 5 l of PBS (white bars), hgtsc Ϫ (gray bar), or hgtsc ϩ (black bar) for 12 hr. Then, nitrite concentration was measured using the Griess reagent and compared with the standard curve. Each histogram is the mean of triplicate determinations from six independent experiments Ϯ SD. b, Representative gel analysis of 10 g of neuronal DNA from untreated ( C) or neurons treated with preconditioned microglia medium as described above. Sizes of the markers are expressed in base pairs (bp) on the left. C, DAPI staining of 4-d-old neurons treated with hgtsc Ϫ or hgtsc ϩ preconditioned microglia culture medium. Phase-contrast micrographs of representative microscopic fields are shown. Magnification, 40ϫ. Arrows indicate apoptotic nuclei.
